A methodology for estimating vehicle dynamics whith road geometry consideration is presented in this paper. Vehicle sideslip and roll parameters are estimated in the presence of the road bank angle and the road curvature as unknown inputs. The unknown inputs are then estimated using the observer results. This information about the road geometry and vehicle parameters is needed in the driver assistance systems to be able to calculate the risk index of a rollover or a lane departure crashes. Taking into account the unmeasured variables, an unknown inputs (TS) observer is then designed on the basis of the measure of the roll rate, the steering angle and the lateral offset given by the distance between the road centerline and the vehicle axe at a look-ahead distance. Synthesis conditions of the proposed fuzzy observer are formulated in terms of Linear Matrix Inequalities (LMI) using Lyapunov method. Simulation results show good efficiency of the proposed method to estimate both vehicle dynamics and road geometry.
Introduction
The possibility to accurately measure or estimate vehicle dynamics and road geometry is a critical determinant in the performance of many vehicle control and driver assistance systems such as braking control, lane departure avoidance, rollover detection and lateral control systems [1] [2] . In emergency situations, sideslip is necessary to detect a sliding vehicle, the road curvature is necessary to detect a lane departure, vehicle roll and road bank angle are very useful to detect a rollover. Vehicle parameters and road geometry are necessary in determining the vehicle's behavior and the crash risk in such situations. However, all these values are not directly measured on production cars because the adequate sensors and measurement systems still very expensive. Therefore they must be estimated using available measurements [3] .
Over the last few years, several methods were proposed to estimate the vehicle dynamics, some methods propose to integrate inertial sensors directly, others use a physical vehicle model to design a model based observer [4] [5] . A combination or switch between these two methods was also used in order to estimate vehicle parameters [1] [3] . Direct integration methods can accumulate sensor errors and unwanted measurements from road grade and superelevation. Methods based on a physical vehicle model can be sensitive to changes in the vehicle parameters but this effect can be reduced using uncertain and robust observers.
The problem of observer design with unknown inputs has received considerable attention during the two last decades [6] [7] . In [8] a Proportional-Integral (PI) observer is proposed to estimate the state and the fault simultaneously. The presence of the integral of the estimation error makes it effective in estimating the system perturbations and input disturbances. However, the performance of these kinds of observers are generally deteriorated in the presence of measurement noise [9] . In [10] the authors propose a descriptor system based approach for a PI observer design in order to estimate the lateral vehicle dynamics in combination with the estimation of possible yaw moment disturbance input, wind gust input or road bank input. A paper given in [11] presents a method for identifying road bank and vehicle roll separately using a disturbance observer and a vehicle dynamic model. But these methods are only reliable in the linear region because they consider a linear approximation of the cornering forces. In this work a model based unknown input observer is designed in order to estimate both vehicle dynamics and road geometry (road curvature and road bank angle), a vision system (camera) is used to measure the lateral displacement at a lookahead distance of the vehicle. A representation of the nonlinear model of vehicle lateral and roll dynamics by a Takagi-Sugeno (TS) fuzzy model [12] , has been considered. This representation has been largely used and studied over the last few years (see for example [13] ). This paper is organized as follows: section II introduces the used vehicle dynamics model and its representation by a TS fuzzy model. Section III focuses on the TS observer designed by considering the case where the activation functions depend on 
VEHICLE MODEL DESCRIPTION
The model used in this work describes vehicle lateral and roll dynamics, which is obtained by considering the well known single-track (bicycle) model with a roll degree of freedom (Fig. 1) . The threedimensional model with road bank angle consideration and nonlinear tire characteristics of the four wheels vehicle behavior can be described by the following differential equations [11] [14]: 
(1) Where β denotes the side slip angle, whereas ψ , ϕ v and ϕ r are respectively the vehicle yaw, the roll angle and the road bank angle, F f is the cornering force of the two front tires, F r is the cornering force of the two rear tires. For further description of the parameters appearing in the vehicle dynamics model refer to table 1.
TS representation of the the cornering forces
In this work, we take into account the nonlinear forces by considering a TS representation of the tire model using the following rules:
C f i , C ri are the front and rear tire cornering stiffness which depend of the road adhesion and the mass of vehicle. The slip angle of the front tires α f and the slip angle of the rear tires α r are given as follow:
where δ f is the front steer angle. The overall forces are obtained by : {
Where µ j (j = 1, 2) is the j th bell curve membership function of fuzzy set M j . They satisfy the following properties:
The expressions of the membership functions used are: 
TS model with vision system measurement
Using a vision system measuring the lateral displacement of the vehicle at a look-ahead distance (Fig. 3) , the equations describing the evolution of the measurement extracted from image, caused by the motion of the car and changes in the road geometry can be written as follows [15] :
The angular displacement ∆ψ is obtained as follows:
y s is the offset from the centerline at the lookahead distance, ∆ψ the angle between the tangent to the road and the orientation of the vehicle with respect to the road, l s the look-ahead distance at which the measurement is taken and w the road curvature. Using the above approximation idea of nonlinear lateral forces by TS rules the vehicle dynamics model (1) and the vision dynamics (6) and (7) leads to a single dynamical system with the following form:
with 
β(t)ψ(t)φ(t) ϕ(t) ys(t) ∆ψ(t)
] T is the state vector of the model. Where I xeq denotes the equivalent roll moment of inertia of the vehicle about the roll axis, which is given by
and σ i , ρ i and τ i are auxiliary variables introduced in order to simplify the model description, they are defined as follows:
Vehicle dynamics and road geometry estimation
To estimate the road curvature, it is necessary to know some of the model states which are difficult or even very expensive to measure directly. These latter can be estimated using measurable signals such as the lateral displacement and the steering angles.
In this study, we design a TS model based observer which estimates the sideslip angle, the yaw rate, the relative yaw rate and the vehicle roll angle by considering the road curvature w(t) and the road bank angle as unknown inputs (Fig. 4) . We measure steering angle, vehicle velocity, the roll rate and the lateral displacement at a lookahead distance provided by a camera. 
TS Fuzzy observer design conditions
The TS model based estimator in presence of the road curvature as an unknown input is represented as follows:
The aim of the design is to determine gain matrices L i , and variable η(t) ∈ ℜ n , that guarantee the asymptotic convergence ofx(t) towards x(t).
Notice that the variable η(t) is introduced to compensate the errors due to the used unmeasurable premise variables in the dynamic of the state estimation error. Let us define the state estimation error:
The output estimation error is defined as follows:
) = y(t) −ŷ(t) = C(x(t) −x(t)) = Ce(t) (13)
In the following sections, to simplify the expression of equations, time variable (t) will be omitted. The dynamic of the state estimation error is governed by: (15) which can be rewritten as follows:
The convex sum property of the membership functions allows to write
then the variable matrices ∆A and ∆B are bounded and the following property is verified
where ρ i > 0 is the matrix norm of A i . The TS estimator gains have been computed by considering the effect of the unknown input vector f to the state estimation errors. One possible method is to minimize the L 2 gain (H-infinity norm) from f to estimation errors. The L 2 gain between the unknown input f and the estimation error e is defined by the following quantity:
By the definition of the supremum and the L 2 gain, (19) can be expressed as
The demonstration of the asymptotic convergence of the robust observer uses the following lemma:
Lemma 1: For any matrices X and Y with appropriate dimensions, the following property holds for any positive scalar β :
Theorem 1: The system (14) is stable and the L 2 gain of the transfer from the unknown input vector f to the state estimation errors is bounded by γ if there exist a positive and symmetric matrix X, matrices N i , and positive scalars β 0 and β 1 such that the following LMIs hold for i = 1, 2:   
with
and η is given by the following equations
The TS estimator gains are then computed by
Proof: Consider the following Lyapunov function candidate:
where X = X T > 0. Substituting (14) into (25) and taking the time derivative giveṡ
where
The lemma (1) property allows to write:
Using again the property of the lemma (1), the expression (27)
2 ). Substituting variable η by the expression given by (23), allows to write :
Therefore, after simplification, we obtain:
The system (14) is stable and the L 2 gain of the transfer from the unknown input vector f to the state estimation errors is bounded by γ if the following condition holds
substituting (30) in (31), the following inequality is obtained
Inequality (32) can be rearranged as follows:
where 
Road curvature and road bank angle estimation
Once the states of the system rebuilt, they will be used to estimate the road curvature. From equation (6), the road curvature w can be computed as follows:w
where v is the vehicle velocity,ψ and ∆ψ are the estimate results of the observer. From equation (8) , the road bank angle is estimated as follow:φ
Simulation results
In this study, simulations are conducted to illustrate the efficiency of the above presented method. The vehicle model and the designed observer are implemented in MATLAB software. The simulated vehicle test is in two successive turns, the vehicle path for this scenario is shown in Fig. 5 . The road curvature and the road bank angle are illustrated in Fig. 7 . Table 2 gives the vehicle parameter values. The estimated vehicle states using the designed observer are shown in Fig. 6 . It is clearly shown that the observer converge fatly to the actual states dispite the initial conditions of the model. Figure 7 shows the road curvature and the road bank angle estimation. This results show the performance of the method to estimate simultaneously the vehicle dynamics and the road geometry. But it still not completely ready to be tested in experimental studies since the vehicle speed, parameters variations and sensor noise are not considered. This issue will be considered in the future works before performing real world
CONCLUSIONS AND FUTURE WORKS
Using H ∞ approach, a Takagi-Sugeno fuzzy observer with unknown inputs is designed in presence of the road geometry. The nonlinear model given by vehicle lateral and roll dynamics is represented by a TS fuzzy model. This representation take into account the non-linearities introduced by the cornering forces. The vehicle dynamics and the road geometry are estimated simultaneously using available measurement like the offset displacement at a lookahead distance of the vehicle given by a camera. The designed TS observer use unmeasurable premise variables. Design conditions are formulated in LMI terms easy to solve using numerical tools. The conducted simulation show good performance of the designed observer and the used method to estimate vehicle dynamics and the road attributes. The advantage of this approach is in the used model which can be very useful in the lane departure de- Roll angle (rad) Figure 6 : Simulation results of the vehicle state estimator tection and rollover detection simultaneously. In further works we will extend the results by considering more complex vehicle model in order to increase the observer robustness. We also expect to validate our approach in experimental studies using software simulator and experimental vehicle. Road bank angle (rad) Figure 7 : The road geometry estimation
